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We have measured the fully 2e periodic Coulomb staircase of a single Cooper pair box (SCB) in supercon-
ducting quantum interference design geometry, using a radio-frequency single-electron transistor. We have
determined the energies of the SCB with microwave spectroscopy and compared the calculated shape of the
Coulomb staircases to the measured staircases. We find excellent agreement as the Josephson coupling energy
is tuned by an external magnetic field.
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I. INTRODUCTION
Study of mesoscopic solid state circuits in the quantum
regime have gained a lot of interest lately, mainly due to the
possibility of constructing two-level quantum systems as
quantum bits (qubits), in a scalable quantum computer.
Quantum circuits that use the quantum properties of Joseph-
son junctions, where charge Q and phase f are conjugated
quantum variables, have been studied intensively.1–7 Joseph-
son circuits have the advantage that both the quantum system
and the detector can be fabricated in the same technology
and that the technology is in principle easily scalable. Re-
ports of coherent quantum oscillations in Josephson circuits
have recently been presented from a number of groups.1–7
However, to use a system as a qubit a good control over
the energy levels is needed. In this paper we address the
issue of controllability of one possible qubit system, namely,
the single Cooper pair box (SCB).8–11 We demonstrate con-
trollability of both the charging energy and the Josephson
coupling energy and demonstrate how the quantum smearing
of the Coulomb staircase12,13 is controlled by an external
magnetic field.
II. THE SCB
The SCB consists of a superconducting island (box) con-
nected to a reservoir through an ultrasmall Josephson junc-
tion. The SCB is characterized by its charging energy EC
=e2 /2CS and its Josephson coupling energy EJ, where e is
the electron charge and CS is the total capacitance of the
island. The island’s charge states are quantized into the num-
ber of excess Cooper pairs on the island. By controlling the
electrostatic potential of the island, the charge state can be
increased or decreased in steps of one Cooper pair.
The Hamiltonian of the SCB can be expressed in the
charge basis unl, i.e., the number of excess Cooper pairs on
the island. With a voltage Vg applied to a gate, which is
capacitively coupled to the box, the effective number of in-
duced Cooper pairs on the box, ng=CgVg /2e, can be con-
trolled. Here Cg is the capacitance between the gate and the
box. Tunneling of Cooper pairs through the Josephson junc-
tion couples the different charge states with the associated
Josephson coupling energy. Thus the Hamiltonian in the
charge basis becomes
H = 4EC o sn − ngd2unlknu − EJ2 o sun + 1lknu + unlkn + 1ud .
s1d
The curves of electrostatic energy versus induced charge
ng form a set of parabolas [dotted line in Fig. 1(a)] centered
around ng=n= . . .0 ,1 ,2. . ., and at the parabola crossings the
charge state changes by one Cooper pair. The charge state
degeneracies at ng=n+
1
2 are lifted by the Josephson coupling
energy and gaps open at degeneracy points [see Fig. 1(a)].
These energy bands are the same as for an isolated small
junction.14
The charge of the ground state of the SCB thus increases
in a steplike manner as the external voltage is increased,
which results in the so called Coulomb staircase.12,13 The
tunneling due to EJ will smear the Coulomb staircase around
the Cooper pair transition. The shape of the staircase thus
depends strongly on EC and EJ, so that the SCB’s character-
istic energies can be obtained from the shape, or vice versa.
At finite temperatures T, the charge transitions will also be
smeared due to thermal excitations, but here we will discuss
only the behavior at low temperature.
There is also a possibility to add an extra quasiparticle to
the box rather than an extra Cooper pair. The energy cost for
this is the odd-even free energy difference D˜ =DsBd
−kBT lnsNd, where D is the superconducting gap and N is the
effective number of states available for excitations.15 If this
energy is smaller than EC the ground state for the box can be
a quasiparticle state, with an odd number of electrons on the
box. In this case the SCB loses its Cooper pair quantization
and a 1e step will turn up in the Coulomb staircase [Fig.
1(b)].
The problem of getting a fully 2e periodic Coulomb stair-
case experimentally is a well known difficulty and has been
discussed in several papers.9,11,16–18 The reason for these
problems is most probably the presence of nonequilibrium
quasiparticles. Two ways to reduce this “quasiparticle poi-
soning” have been suggested and demonstrated. One way
that has been successful is to add normal metal on the reser-
voir in close proximity to the SCB.9 In the other method,
which also has been shown successful, the superconductive
gaps of leads and island are fabricated in such a way that
Disland.Dleads.
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The state of the SCB can be detected with several differ-
ent techniques. One way is to measure the current from re-
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laxation of Cooper pairs by quasiparticle tunneling through a
probe junction.1 Alternatively one can measure the switching
probability of a large Josephson junction integrated into the
same circuit as the SCB,2 or by measuring the charge of the
box using an electrometer coupled capacitively to the
box.6,7,9,11,16
A well suited electrometer that has subelectron sensitivity
and can be fabricated with the same technology as the SCB
is the single-electron transistor (SET).19,20 We use a radio-
frequency single-electron transistor21 (rf SET) as an elec-
trometer to determine the charge state of a SCB. The rf SET
is an improvement of the SET that operates with increased
bandwidth and sensitivity.21,22
The energies of the SCBs and their dependence on gate
charge and magnetic field can also be extracted using
spectroscopy.16,23 Irradiating the SCB with microwaves of a
frequency n corresponding to the level splitting, the system
can be brought to the excited state, which changes the charge
of the box. By systematically measuring the charge of the
box as a function of gate charge for several different micro-
wave frequencies, EC and EJ of the SCB can be extracted
with very good accuracy [see Fig. 2(a)].
In this paper we discuss two samples which were mea-
sured under conditions such that they were 2e periodic. We
describe measurements on the SCBs where we have done
adiabatic measurements of the charge in the ground states.
We have also performed spectroscopic measurements on the
energy levels of the SCB. Using the data extracted from the
spectroscopy we can calculate the ground state of the SCB
and compare to the measured Coulomb staircases. We find an
excellent agreement between the calculated and the mea-
sured staircases.
III. EXPERIMENTAL DETAILS
Both the rf SET and the SCB are fabricated with electron
beam lithography followed by two-angle shadow evapora-
tion of aluminum on an oxidized silicon substrate. The SCB
is fabricated in a superconducting quantum interference de-
vice (SQUID) geometry with two small Josephson junctions
that connect the island to the reservoir. This gives us the
possibility to tune the effective EJ by applying an external
magnetic field.
The coupling between the rf SET and the SCB is de-
scribed by the coupling coefficient k=Cc /CS, where Cc is
the coupling capacitance between the SET and the SCB and
CS is the total capacitance for the SCB. A gate for control of
the SCB’s electrostatic potential is capacitively coupled to
the box with the capacitance Cg [see Fig. 3]. Parameters for
the two measured samples are shown in Table I.
The samples are measured at sub-kelvin temperatures in a
dilution refrigerator with a base temperature of ,20 mK. All
dc lines connected to the sample are heavily filtered with a
combination of RCL and powder filters24,25 to reduce thermal
radiation from room temperature. The SCB gate is connected
through a 50 V matched line with a bandwidth of 50 GHz.
This line is used to apply both microwaves and fast pulses6
to the SCB.
Our setup is equipped with a 3 T magnet that produced a
magnetic field parallel to the sample, Bi. Since the sample is
FIG. 1. (a) The energy for a SCB with EJ=0 (dotted) and EJ
Þ0 (solid). The dashed and gray lines indicate the odd charge state
with D˜ 1 and D˜ 2, respectively. (b) The corresponding average charge
knl for the energy diagram in (a). The effect on the Coulomb stair-
case when the odd charge state is energetically favorable, D˜ 2,EC
−EJ /2, is the appearance of the 1e step (gray solid line).
FIG. 2. (a) The Coulomb staircase when continuous microwaves
are applied to the SCB for sample A. (b) The filled circles indicate
the energy separation DE versus Dng for the applied frequencies
n1=22.8 GHz, n2=28.4 GHz, n3=32 GHz, n4=37.1 GHz, and n5
=44 GHz. These points are fitted to DE with EC /kB=1.25 K and
EJ /kB=0.94 K (solid line). Data obtained from sample A. (c) The
Coulomb staircase obtained at the same applied B as above (solid
line) together with the calculated Coulomb staircase for EC /kB
=1.25 K and EJ /kB=0.94 K (dotted line). (d) Same as (c), but with
the derivative of the Coulomb staircase.
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not perfectly aligned with Bi, the magnetic field gives a per-
pendicular component that threads the SCB loop with
320 mT corresponding to F0. For the measurements of
sample A we used a Helmholz coil configuration outside the
cryostat which could produce a small field perpendicular to
the sample, B’, giving less than half a flux quantum in the
SQUID loop. For the measurements of sample B, the setup
was fitted with a small superconducting coil on the side of
the sample holder, which produced a larger perpendicular
field, allowing full modulation of EJ.
IV. EXPERIMENTAL RESULTS
By adiabatically ramping the SCB gate voltage Vg and
simultaneously measuring the average charge knl of the
SCB, we obtain the Coulomb staircase. At zero external par-
allel magnetic field Bi, the Coulomb staircases for both
samples had a 1e step around the charge degeneracy, which
indicates quasiparticle tunnel events onto the SCB. The en-
ergy gap D /kB<1.9 K is extracted from the current-voltage
characteristics of the SET and should be similar for the SCB.
Since for D@kBT we have D˜ <D and with D˜ .EC−EJ /2, the
SCB should be 2e periodic.
However, we find that we can make the SCB completely
2e periodic by applying an external magnetic field parallel to
the SCB. In sample A, we observed a decrease and eventu-
ally an elimination of the 1e step with increasing Bi. Since an
increased magnetic field should lower D˜ and hence increase
the 1e step in the case of equilibrium, the observed behavior
further strengthens the evidence that nonequilibrium quasi-
particle processes are involved.
We suggest that this initial behavior can be explained with
magnetic-field-induced “graded gaps.” In the fabrication, the
SCB island and its connecting leads are made with different
thicknesses, where the island is <25 nm and the leads
<65 nm. The gap in the reservoir is therefore suppressed
more than the gap in the island by the applied magnetic field.
For a given magnetic field we thus get a smaller gap in the
reservoir than in the island, giving graded gaps very similar
to the situation in Ref. 17. For even higher Bi the 1e step
reappears and starts to increase due to the suppression of D˜ ,
and at Bi =Bci the Coulomb staircase is fully 1e periodic.
Thus for sample A there was a window 370,Bi ,490 mT
for which the sample was fully 2e periodic.
In sample B the 1e step was much shorter than for sample
A at Bi =0, and it depended strongly on the bias point of the
SET (which was not the case for sample A). By biasing at the
low end of the double Josephson quasiparticle peak
(DJQP),26 the 1e step vanished. However, the sensitivity of
the SET was very low at this bias point. With a 300 mT
parallel magnetic field applied, both good sensitivity and 2e
periodicity were achieved for sample B.
In both samples the SCB is formed with a SQUID geom-
etry and thus we can tune EJ with the external magnetic field.
EJ depends on the penetrated flux F as
TABLE I. Sample parameters. The table values of EC and EJ
max
are measured with microwave spectroscopy. Cg and k were ex-
tracted from the staircase measurements.
Sample
EC /kB
(K)
EJ
max /kB
(K)
Cg
(aF) k
A 1.25 1.05 14.3 0.033
B 0.43 1.06 39.2 0.012
FIG. 3. An electron micrograph of the layout for the integrated
SCB and SET.
FIG. 4. (a) EJ vs Bi for sample A. The filled circles are measured
values of EJ obtained from spectroscopy. They are fitted to Eq. (2)
with decreasing EJ
maxsDd according to Eq. (3). (b) Measurements of
sample A with zero and maximum (positive and negative) flux ap-
plied from the Helmholtz coils at Bi =460 mT. They are fitted to Eq.
(2), with EJ
max/kB=0.92 K. (c) EJ vs flux for sample B. The filled
circles indicate measurements of EJ from spectroscopy with maxi-
mum (positive and negative) flux generated by B’. They are fitted
to Eq. (2) (solid line).
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EJ = EJ
maxUcosSpF
F0
DU s2d
where F0 is the flux quantum, and equal junctions are as-
sumed. EJ
max is at low temperature given by27
EJ
max
=
DsBd
2
RQ
RN
s3d
where RQ=h /4e2 is the quantum resistance and RN the junc-
tion resistance.
As we tune EJ with Bi, we also suppress D and thus D˜ ,
and we can extract D˜ from the width of the 1e step up to
Bic.13,28 By extrapolating D˜ to lower fields where the box is
2e periodic we find that D˜ /kB is suppressed from
1.4 to 1.1 K within the 2e periodic window. The suppression
of D does of course also suppress EJ. By using both magnets
we are able to tune EJ /kB from 0.15 to 1.05 K in sample A,
which roughly corresponds to F0 /2 [see Figs. 4(a) and 4(b)].
For the measurements of sample B we could use the small
coil on the sample holder to apply a flux of a little more than
F0 /2 through the SCB loop. For sample B we could thus
tune EJ /kB in the range 0.16 to 1.06 K without affecting D
[see Fig. 4(c)].
Microwave spectroscopy was used to retrieve values of
EC and EJ for each applied magnetic field. With microwaves
of frequency n applied, the SCB is driven between its ground
and first excited states, where n corresponds to the energy
separation DE=En+1sngd−Ensngd. By continuously measur-
ing knl, this driving will turn up as a peak and a dip in knl at
ng
n where hn=DE [Fig. 2(a)]. For sample A, spectroscopy
was done at five frequencies and for sample B at 10–20
frequencies for each EJ value. EJ and EC are extracted by
fitting the data to numerically calculated DEsEJ ,EC ,Dngd
where Dng= ung
dip
−ng
peaku /2 and six charge states have been
included [see Fig. 2(b)].
We can now compare the calculated knl versus ng
staircases11 evaluated from spectroscopic data with the ex-
perimental staircases obtained at the corresponding magnetic
fields [Figs. 2(c) and 2(d)]. At high EJ, quasiparticle states
and thermal excitations can be neglected, since D˜ .EC
−EJ /2 at those fields and the smearing contribution from a
FIG. 5. The derivative of Coulomb staircases (solid lines) that
corresponds to EJ /kB=0.15 K up to EJ /kB=1.05 K together with
the derivative of the calculated Coulomb staircases obtained from
the spectroscopic data (dotted lines). The curves are measured for
sample A, and are ordered with increasing Bi, from Bi =370 mT
(bottom) to Bi =540 mT (top). At EJ /kB=0.35 K sBi =490 mTd the
thermal excitation to the odd charge state broadens the staircase,
since sEC−EJ /2d<D˜ . For EJ /kB=0.15 K sBi =540 mTd a clear
separation into two peaks (the 1e step) is visible. Here sEC
−EJ /2d.D˜ and the odd charge state is energetically favorable
around the charge degeneracy [see Fig. 1].
FIG. 6. (a) FWHM of the peak in dknl /dng vs EJ, where dia-
monds are measured values for sample A and circles for sample B.
Dotted and solid lines are calculated FWHMS for samples A and B,
respectively. (b) Peak height vs EJ, with same legend as in (a). The
squares are measurements where the staircase has lost its full 2e
periodicity. The peak heights are retrieved along the dotted line in
the inserted image. The image shows dknl /dng vs ng and EJ where
D˜ is a function of EJ. In both (a) and (b), the fact that samples A and
B have different EC’s is evident in the slopes and zero crossings of
the curves. (c) dknl /dng vs ng for sample B, where the measured
trace for EJ /kB=0.16 K is the solid line together with the corre-
sponding calculated trace as the dotted line. The asymmetric behav-
ior is visible as a short shoulder on the right side of the peak. (d) knl
vs ng for the same data as in (c) (same legend). The shoulder feature
in (c), is clearly visible as a rounding off of the top edge.
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finite T is small. For low EJ, these processes have to be taken
into account and we use T as a fitting parameter together
with the extrapolated D˜ sBid.
From the fitted spectroscopy data for sample A we re-
trieve EC /kB=1.25 K and EJ ranges from EJ /kB=0.42 K to
EJ /kB=1.05 K, within the available 2e periodic window.
Around EJ /kB=0.37 K, Bi is close to the field where the 1e
step starts to reappear and D˜ <EC−EJ /2, so the staircase is
affected by thermal excitation to the odd charge state and a
1e step is on the verge of being visible. It should be pointed
out that these excitations to the odd charge state are consis-
tent with equilibrium considerations [Figs. 1(a) and 1(b)],
and are not due to nonequilibrium quasiparticles.
With T=75 mK and the extrapolated D˜ we get a good
agreement also for these last points. In Fig. 5, the result is
presented as dknl /dng for experimental and calculated stair-
cases from EJ /kB=0.15 K to EJmax /kB=1.05 K. Also for
sample B we find a good agreement between the calculated
and the measured staircases, when EJ is large. The curves are
very similar to those shown for sample A in Fig. 5. As EJ /kB
is decreased below 0.47 K a shoulder to the right of the peak
emerges in the derivative. Here we used T=100 mK as a
fitting parameter. This shoulder becomes more evident when
EJ is decreased further down to EJ /kB=0.16 K [Figs. 6(c)
and 6(d)]. From the spectroscopy we extract EC /kB=0.43 K
and an EJ which ranges from 0.16 K to 1.06 K for sample B.
To get a good measure of how the experimental data fit
the calculation we have compared the peak height and peak
full width at half maximum (FWHM) of dknl /dng for both
samples [Figs. 6(a) and 6(b)]. In this representation it shows
that the peak heights and FWHMs for sample A agree well
both for high EJ and where D˜ łEC−EJ /2. Peak heights for
sample B data are generally somewhat lower than those cal-
culated and when EJ /kB is decreased below 0.47 K there is a
clear discrepancy due to the extra shoulder. This looks simi-
lar to the effect of quasiparticle poisoning, but this feature is
asymmetric. The reason for this asymmetric behavior is not
yet clear, but could be an effect of back action on the SCB
due to the SET when biased at the DJQP.29 Similar asymmet-
ric behavior has been observed by other groups.7,11
V. CONCLUSION
In conclusion, we have studied 2e periodic Coulomb stair-
cases while tuning EJ in two samples with different EC, and
verified that the shape of the Coulomb staircase corresponds
to parameters retrieved from spectroscopy. We have also ob-
served the effect on the Coulomb staircase when it starts to
lose its full 2e periodicity, due to suppression of D˜ , where the
shape still depends on EJ. In sample B we observed an asym-
metric feature in the staircase at low EJ, which could be an
effect of SET back action, but this needs more investigation.
We have also shown an alternative way of creating graded
gaps in the SCB with the help of a parallel magnetic field.
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